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SUMMARY 
An i nves t iga t ion  w a s  conducted i n   t h e  Langley 16-Foot  Transonic Tunnel t o  
de t e rmine  the  l a t e ra l -d i r ec t iona l  aerodynamic c h a r a c t e r i s t i c s  o f  a f u l l y  metric 
0.047-scale model o f  t h e  F-15 three-surface Configurat ion (canards,  wing, horizon- 
t a l  ta i ls)  with twin nonaxisymmetr ic  or  two-dimensional  (2-D) nozzles and twin axi-  
symmetr ic  nozzles  instal led.  The e f f e c t s  o f  2-D n o z z l e  i n - f l i g h t  t h r u s t  r e v e r s i n g  
and rudder  def lect ion were also determined. Test da t a  were obtained a t  s t a t i c  
conditions and a t  Mach numbers from 0.60 t o  1.20 over  an angle-of-at tack range from 
-2O t o  150. Reynolds number var ied  f rom 2.6 x 106 t o  3.8 X 10 . Angle  of s i d e s l i p  
w a s  se t  a t  approximately Oo and -5O f o r  a l l  configurat ions and a t  approximately -100 
€ o r   s e l e c t e d  conf iqu ra t ions .  
6 
R e s u l t s  o f  t h e  i n v e s t i g a t i o n  i n d i c a t e  t h a t  t h r u s t  r e v e r s i n g  h a d  o n l y  s m a l l  
e f f e c t s  on l a t e r a l - d i r e c t i o n a l  s t a b i l i t y  a n d  d i r e c t i o n a l  c o n t r o l  a t  t h e  s u b s o n i c /  
t r anson ic  f l i gh t  speeds  t e s t ed .  The configuration with axisymmetric nozzles w a s  
s l i g h t l y  more stable than the configuration with two-dimensional convergent-divergent 
nozzles.  
INTRODUCTION 
Recent s tud ie s  o f  tw in -eng ine  f igh te r  a i r c ra f t  ( r e f s .  1 t o  5 )  have  iden t i f i ed  a 
number of potential  advantages of nonaxisymmetric nozzles as compared t o  c o n v e n t i o n a l  
round or axisymmetric nozzles.  One important benefit of nonaxisymmetric nozzles i s  
t h e  a d a p t a b i l i t y  o f  t h e  d e s i g n  t o  i n c l u d e  t h r u s t  v e c t o r i n g  a n d  r e v e r s i n g  w i t h  less 
weight  penalty  than  conventional  axisymmetric  nozzles  (refs.  5 and 6 ) .  The a d d i t i o n  
o f  t h r u s t  r e v e r s i n g  c a p a b i l i t i e s  t o  most c u r r e n t  a n d  f u t u r e  f i g h t e r  a i r c r a f t  would 
g rea t ly  enhance  shor t  f i e ld  t ake -o f f  and  l and ing  (STOL) performance. Also,  the use 
o f  i n - f l i g h t  t h r u s t  r e v e r s i n g  h a s  t h e  p o t e n t i a l  t o  improve a i r p l a n e  a g i l i t y  d u r i n g  
a i r - t o - a i r  combat. 
The performance of nonaxisymmetric nozzle thrust  reversers a t  s t a t i c  and sub- 
sonic  f l igh t  condi t ions  has  been  de termined  in  severa l  exper imenta l  inves t iga t ions  
( r e f s .  7 t o  12) . These  resu l t s  ind ica te  tha t  h ighly  e f f ic ien t  nonaxisymmetr ic  
nozzles  with thrust  reversers  can he designed.  However, u s e  o f  t h e  i n - f l i g h t  t h r u s t  
reverser  could  cause  s igni f icant  changes  in  a i rp lane  t a i l  l o a d s ,  p a r t i c u l a r l y  f o r  
tw in -ve r t i ca l - t a i l  conf i q u r a t i o n s  ( r e f .  1 3 )  and could also degrade the cont ro l  e f  fec-  
t i v e n e s s  o f  h o r i z o n t a l - t a i l  ( r e f .  11) and  rudder   surfaces   ( ref .  1 4 ) .  
A 0.047-scale sting-mounted aerodynamic model o f  t h e  F-15 three-surface confiqu-  
r a t ion  ( cana rds ,  wing, ho r i zon ta l  t a i l s )  w i t h  t h e  c o r r e c t  i n l e t  s h a p e  a n d  mass flow 
w a s  p r e v i o u s l y  t e s t e d  i n  t h e  16-Foot Transonic  Tunnel ,  and  the  resu l t s  a re  repor ted  
i n  r e f e r e n c e  15. Aerodynamic force and moment cor rec t ions  for  the  s t ing-mounted  
aerodynamic model (canards  of f )  da ta  to  account  for  ax isymmetr ic  nozz le-exhaus t  f low 
can be found i n  r e f e r e n c e  16. S t ing  in t e r f e rence  and  a f t - end  d i s to r t ion  co r rec t ions  
for  the aerodynamic model without canards can be found i n  re ference  17,  a n d  t h e  
e f f e c t s  of  a f t -end  modi f ica t ions  on  the  same aerodynamic model, such as v e r t i c a l  t a i l  
s i z e  a n d  d o r s a l  f i n  a d d i t i o n ,  c a n  b e  f o u n d  i n  r e f e r e n c e  18. The longi tudinal  aerody-  
namic da t a  and  the  s t a t i c  nozz le  per formance  da ta  for  the  subjec t  model ( three-  
su r face  F-15) o f  t h i s  r e p o r t  a r e  p r e s e n t e d  i n  r e f e r e n c e  19. 
I 
The purpose  o f  t he  p re sen t  i nves t iga t ion  w a s  t o  d e t e r m i n e  t h e  e f f e c t  of t h r u s t  
r eve r s ing  on  the  l a t e ra l -d i r ec t iona l  ae rodynamic  cha rac t e r i s t i c s  o f  a three-surface 
F- 15 propulsion model (canards,  wing, h o r i z o n t a l  t a i l s )  having  fa i red-over  in le t s .  
The model w a s  tes ted with axisymmetr ic  nozzles  instal led and with two-dimensional  
convergent-divergent (2-D C-D) nozz le s  in s t a l l ed .  Each nozz le  type  w a s  t e s t e d  i n  t h e  
p o s i t i v e - t h r u s t  mode, and  the  2-D  C-D nozzles  were a lso t e s t e d   i n   p a r t i a l   a n d   f u l l  
r eve r se - th rus t  modes. 
T h i s  i n v e s t i g a t i o n  w a s  conducted i n   t h e  Langley 16-Foot  Transonic Tunnel a t  
s ta t ic  conditions and a t  Mach numbers  from 0.60 t o  1.20. Reynolds number var ied from 
2 .6  X l o 6  t o  3.8 X l o6 ;  angle  of  a t tack  w a s  var ied from -2O t o  150. Angle  of s ide-  
s l i p  was set  a t  approximately Oo and - 5 O  fo r  the  ax isymmetr ic  nozz le  conf igura t ion  
and a t  approximately O o ,  - 5 O ,  and - l o o  f o r  s e v e r a l  of t h e  2-D  C-D nozzle configura- 
t i ons .  Nozz le  p re s su re  r a t io  was v a r i e d  f r o m  j e t  o f f  ( 1 . 0 )  t o  about 6.5 depending on 
Mach nunber .  D i f f e ren t i a l  t h rus t  r eve r s ing  and  the  e f f ec t  o f  rudde r  de f l ec t ion  were 
also invest igated.  Further  information on the instal la t ion of  two-dimensional  











nozzle-exi t  area,  c m  2 
nozzle- throat  area,  c m  2 
wing span, 0.612 m 
mean aerodynamic chord, c m  
s ide - fo rce  coe f f i c i en t ,  
T o t a l  s ide f o r c e  
'rn 
side-force parameter ,  ( f rom pi tch tests a t  B = 00 and -50 ) , per  deg D- 
rol l ing-moment   coeff ic ient  , T o t a l   r o l l i n g  moment 
qmSb 
Acl l a t e r a l - s t a b i l i t y   p a r a m e t e r ,  - ( f rom pi tch  tes ts  a t  P = Oo and -So), 
A S  per  deg 
yawing-moment c o e f f i c i e n t ,  
T o t a l  yawing moment 
qmSb 
"n 
d i r ec t iona l - s t ab i l i t y   pa rame te r ,  - ( f rom pi tch  tests a t  
A P  f3 = Oo and - 5 O  ) ,  per  deg  
AC 
rudder  power, - n ( f rom pi tch  tests with 6, = Oo and -1 00 ) , per  deg 
f ree-stream Mach number 
ambient s t a t i c  p res su re ,  Pa 
2 
9, f ree-stream dynamic pressure ,  Pa 
S wing r e fe rence  area, 0.124 m2 
a angle   of a t tack,   deg 
B angle   of s idesl ip ,  d g 
6, 
&REV nozz le   th rus t - reverser   f lap   angle ,   deg   ( f  ig .  IO) 
rudde r  de f l ec t ion  ang le  (nega t ive  r igh t ) ,  deg  
Abbreviations: 
ASME American Society  ofMechanical  Engineers 
B.L. b u t t   l i n e ,  cm 
C-D convergent-divergent 
F.S. f u s e l a g e   s t a t i o n ,  cm 
L.E. leading  e ge 
L.H. l e f t  hand 
NPR nozz le  p re s su re  r a t io ,  Jet t o t a l   p r e s s u r e  Tunnel stat%- pressure 
R.H. r i g h t  hand 
W.L. wa te r l ine  
2 -D two-dimensional  ( onaxisymmetric) 
APPARATUS AND PROCEDURE 
Wind Tunnel 
Th i s  i nves t iga t ion  was conducted i n   t h e  Langley 16-Foot Transonic Tunnel, which 
is  a single-return, continuous-flow, atmospheric wind  tunnel  wi th  a s lo t t ed ,  oc t ago-  
n a l  t e s t  s e c t i o n  m e a s u r i n g  4.8 m d i a m e t r i c a l l y  t o  m i d f l a t  c e n t e r  l i n e .  With t h e  a i d  
of a compressor system, which draws a i r  o u t  t h r o u g h  s l o t s  i n  t h e  t e s t  s e c t i o n  f o r  
M > 1.05, t h e  t e s t - s e c t i o n  a i r s p e e d  i s  continuously variable between Mach numbers of 
0.20 and  1.30. F u r t h e r  d e t a i l s  on d imens ions  and  the  opera t ing  charac te r i s t ics  of  
t h e  Langley 16-Foot Transonic Tunnel can be found i n  r e f e r e n c e  21. 
Support System 
The model was s u p p o r t e d  i n  t h e  t u n n e l  by the  s t i ng - s t ru t  suppor t  sys t em shown i n  
f i g u r e  1. High-pressure a i r  l i n e s  a n d  a l l  i n s t r u m e n t a t i o n  were rou ted  th rough  th i s  
support system. The complete  model w a s  mounted  on a n  i n t e r n a l ,  six-component s t r a i n -  
gage  ba lance  th rough  an  adap te r  t o  the  s t i ng  s t ru t .  A yaw c l u t c h  mechanism ( see  
f i g .  2) a t t a c h e d  t o  t h e  s t r u t  t o p  was used t o  yaw t h e  model on t h e  s t r u t .  
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I 
f l e x i b l e  metal bellows 
bellows ( la te ra l )  se rve  
f i c i e n t   f l e x i b i l i t y   f o r  
The model u sed  fo r  
Propulsion Simulation System 
The f a c i l i t y  h i g h - p r e s s u r e  a i r  system provided a cont inuous f low of  c lean,  dry,  
hea ted  a i r  t o   t h e  model. This high-pressure a i r  i s  t r ans fe r r ed  f rom a common high- 
pressure  plenum i n   t h e   f r o n t   o f   t h e  model t o  the  nozz le s  by means  of dual flow- 
t ransfer  assembl ies .  A sketch of  the assembly i s  shown i n  f i g u r e  2. The two sets of 
( l o n g i t u d i n a l )  i n  c o n j u n c t i o n  w i t h  t h e  two side-mounted metal 
t o  minimize pressurizat ion ta res  while  still maintaining suf- 
prope r  fo rce  ba l ance  ope ra t ion  in  a l l  s i x  components. 
Mode 1 
t h i s  i n v e s t i g a t i o n  w a s  a 0.047-scale model of an F-15 th ree -  
sur face   conf igura t ion   (canards ,  wing, h o r i z o n t a l  t a i l s ) .  T h i s  model i s  a f u l l y  
metric j e t - e f f e c t s  model w i th  f a i r ed -ove r  in l e t s  t o  a l low p ropu l s ion  s imula t ion .  A 
ske tch  o f  t he  model i s  shown i n  f i g u r e  3. Figure 4 shows a photograph of the model 
i n s t a l l e d  i n  t h e  Langley  16-Foot  Transonic  Tunnel.  Wdel  geometric  characteristics 
a re  given i n  t a b l e  I. The conf igura t ion  i s  charac te r ized  by boom-mounted tw in  ve r t i -  
c a l  t a i l s  ( t o e  a n g l e ,  L.E. ou t ,  o f  2 O ) ,  a f t - l oca t ed  boom-mounted ho r i zon ta l  t a i l s ,  
c losely spaced twin engines ,  and forward inlet-mounted canards.  For t h i s  i n v e s t i g a -  
t i o n ,  t h e  c a n a r d s  were s e t  a t  a nominal angle of - 6 O  ( leading edge down) - the  mini -  
mum d r a g  a n g l e  f o r  s u b s o n i c  c r u i s e  f l i g h t  as determined from unpublished wind-tunnel 
data .  The i n t e r n a l  t r a n s i t i o n  d u c t  ( f r o m  r o u n d  t o  r e c t a n g u l a r  c r o s s  s e c t i o n  € o r  t h e  
2-D C-D nozzles) w a s  terminated a t  f u s e l a g e  s t a t i o n  91.592,  which was t h e  common 
connect  po in t  for  a l l  two-dimens iona l  nozz les .  Externa l  hardware  in te r fa i r ings  w e r e  
added t o  a d a p t  t h e  model a f t e rbody  fo r  smooth in tegra t ion  of  the  rec tangular  nozz le  
shape with 2-D C-D nozz le s  in s t a l l ed .  The axisymmetr ic  nozzles  used an external ly  
t a p e r e d  r i n g  t o  f a i r  between F.S. 93.259 and F.S. 94.488. 
Baseline axisymmetric noz-zles-.- A ske tch  of t h e  dry-power axisymmetric nozzle 
s h a w i m ~  i n  f i g u r e  5. A ske t ch  and  the  coord ina te s  o f  t he  f ixed  
shroud around the nacel le  ahead of  the movable n o z z l e  b o a t t a i l s  (movable on f l i g h t  
ha rdware  on ly )  a re  g iven  in  f igu re  6. For t h i s  i n v e s t i g a t i o n ,  o n l y  t h e  dry-power 
n o z z l e  f l a p  p o s i t i o n s  were tes ted ,  us ing  f ixed  nozz le  hardware .  
Two-dimensional convergent-divergent nozzles.- The 2-D C-D nozzle design used 
f o r  t h e  c u r r e n t  test s imula tes  a var iab le-area  in te rna l  expans ion  nozz le .  The t h r o a t  
area and t h e  e x i t  area of  the ful l -scale  hardware would be independent ly  control led 
by the separate  actuat ion of  the convergent  and divergent  nozzle  f laps .  Thrust  
r e v e r s a l  would be accoTQlished by ac tua t ion  o f  t he  conve rgen t  f l aps ,  c los ing  the  
throat  area while  s imultaneously opening the reverse  f low ports  upstream. For 
a comple te  descr ip t ion  of  th i s  nozz le  mechanism, see reference  8. 
~ .~ " . " . 
A photograph of the two-dimensional convergent-divergent nozzles installed on 
t h e  F-15 model i s  shown i n  f i g u r e  7. A ske tch  of  the  forward- thrus t ,  dry-power 2-D 
C-D nozzle i s  shown i n  f i g u r e  8. The n o z z l e  h a s  f i x e d ,  s t r a i g h t  ( p a r a l l e l  i n s i d e  
sur face)  s idewal l s  which  represent  s idewal l s  tha t  do not change shape as  the  nozz le  
power se t t ing  changes .  Thus, when t h e  n o z z l e  b o a t t a i l  f l a p s  ( t o p  a n d  b o t t o m )  a re  
c losed  down t o  cruise  o r  dry-power se t t ing ,  the  s idewal l s  form channels  over  the  f l ap  
surfaces .  (See photograph i n  f i g .  7 . )  A var iab le   geometry   s idewal l  would be  
r e q u i r e d  t o  e l i m i n a t e  t h e s e  c h a n n e l s .  
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Figure 9 i s  a photograph of the fully deployed 2-D C-D t h r u s t  r e v e r s e r s  i n s t a l -  
l e d  on t h e  F-15 model. Sketches of t h e  two reverser  deployments  tes ted  a re  shown i n  
f i g u r e  10. The pa r t i a l ly   dep loyed   r eve r se r  ( 6  = 900 ) was d e s i g n e d   t o   s p o i l  a l l  
fo rward  th rus t ,  wh i l e  t he  fu l ly  dep loyed  r eve r se r  (6, = 1300 ) was des igned  to  pro-  
duce approximately 50 p e r c e n t  r e v e r s e  t h r u s t  a t  M = 0. 
REV 
Instrumentation 
Model forces  and moments, i nc lud ing  nozz le  th rus t  con t r ibu t ions ,  were measured 
by an internal  s ix-component  s t ra in-gage balance.  Internal  cavi ty  pressures  w e r e  
measured a t  two locations forward and two l o c a t i o n s  a f t  o f  t h e  yaw clutch.  The mass- 
f low ra te  (both  nozz les )  was measured by a turb ine  f low meter  (ex terna l  to  the  tun-  
n e l ) .  The flow conditions in each nozzle were determined by two to t a l -p re s su re  
probes - one from t h e   t o p  and one from t h e  s i d e  o f  e a c h  t a i l p i p e  - and one t o t a l -  
temperature  probe in  each nozzle .  Al pressu res  were measured with individual pres- 
su re  t r ansduce r s .  
Tes t s  
T e s t  d a t a  were taken a t  Mach numbers of 0 .60  and 0 . 9 0  f o r  a l l  c o n f i g u r a t i o n s  a n d  
a t  1.20 f o r  s e l e c t e d  c o n f i g u r a t i o n s .  Angle of a t t a c k  was ya r i ed  from - 2 O  t o  15O 
depending upon Mach number; n o z z l e  p r e s s u r e  r a t i o  v a r i e d  from approximately 1.0 ( j e t  
o f f )  t o  a b o u t  6.5 depending upon Mach number.  Data were t a k e n  a t  a nominal s i d e s l i p  
angle  p of Oo f o r  a l l  c o n f i g u r a t i o n s  a n d  a t  - 5 O  and  - loo  for  se lec ted  conf igura-  
t i o n s .  The model was p r e s e t  a t  a s e l ec t ed  s ides l ip  ang le  be fo re  each  run  by f i x i n g  
t h e  model  on t h e  yaw c l u t c h  mechanism. Basic data were obta ined  by holding nozzle  
p re s su re  r a t io  cons t an t  and  va ry ing  ang le  of attack. Undeflected rudders were tested 
with a l l  c o n f i g u r a t i o n s ,  a n d  s e l e c t e d  c o n f i g u r a t i o n s  were t e s t ed  wi th  the  rudde r s  
d e f l e c t e d  a t  -1 00. 
Boundary-layer t r a n s i t i o n  was f ixed  on  the  model by means of 0.25-cm-wide s t r i p s  
of N o .  120  carborundum g r i t .  These s t r i p s  were loca ted  1.91 cm a f t  ( s t r e a m i s e )  of 
t h e  n o s e  a n d  t h e  i n l e t  f a i r i n g s .  T r a n s i t i o n  s t r i p s  were a l s o  l o c a t e d  on a l l   l i f t i n g  
su r faces  a t  5 percent  of  the  loca l  chord .  The methods d e s c r i b e d  i n  r e f e r e n c e s  2 2  
and 23 were used t o  d e t e r m i n e  t h e  l o c a t i o n s  of t h e s e  s t r i p s  a n d  t h e  g r i t  s i z e .  
Data Reduction 
All d a t a   f o r   b o t h   t h e  model and t h e  wind tunne l  were recorded simultaneously on 
magnetic tape. For each data point,  approximately 50 frames of data, taken a t  a r a t e  
of 10 frames per second, were used to  obta in  average  recorded  da ta .  The average data  
were used t o  compute s tandard  force  and  moment c o e f f i c i e n t s  u s i n g  wing area and span 
f o r  r e f e r e n c e  area and length.  Correct ions w e r e  made t o  t h e  f o r c e  d a t a  t o  a c c o u n t  
fo r  he l lows /ba lance  in t e rac t ion  t a re s  ( r e f s .  7 and  11). I n  addi t ion ,  ba lance  cor rec-  
t i o n s  were a l s o  made t o   a c c o u n t   f o r   i n t e r n a l   c a v i t y   p r e s s u r e / a r e a   t a r e s .  
Model ang le  o f  a t t ack  and  s ides l ip  were co r rec t ed  by a p p l y i n g  s t i n g  d e f l e c t i o n  
terms caused by bending under aerodynamic load. A f low angular i ty  adjustment  of 
0.  l o ,  which is  the average upflow angle measured in the Langley 16-Foot Transonic 
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Tunnel, w a s  a p p l i e d  t o  a n g l e  o f  a t t a c k .  No sidef low angle  adjustment  was made; how- 
eve r ,  pas t  expe r i ence  has  shown s i d e f l o w  i n  t h e  16-Foot Transonic Tunnel t o  be gener- 
a l l y  0.10 or less. 
Mass-flow rate through the nozzles  w a s  determined by us ing  to ta l -pressure  and  
total- temperature  measurements  in  the f low-transfer  assemblies  and f low constants  
determined from pretest c a l i b r a t i o n s   w i t h  ASME s tandard   nozz les .  
Jet t o t a l - p r e s s u r e   p r o f i l e s  were de termined  for  ax isymnet r ic  nozz les  and  the  
2-D  C-D nozz le s  wi th  s t r a igh t  s idewa l l s  by use of movable Kiel p r o b e s  ( t o t a l  pres- 
s u r e ) .  Each in t e rna l  t o t a l -p re s su re  p robe  w a s  c o r r e c t e d  t o  t h e  i n t e g r a t e d  v a l u e  o f  
j e t  t o t a l   p r e s s u r e  a t  the  nozz le  th roa t .  
PRESENTATION OF RESULTS 
The r e s u l t s   o f   t h i s   i n v e s t i g a t i o n   a r e   p r e s e n t e d   i n   p l o t t e d   c o e f f i c i e n t   f o r m .  
Unless  o therwise  noted  on  the  f igures ,  da ta  a re  €or  the  base l ine  conf igura t ion  wi th  
boom-mounted t w i n  v e r t i c a l  t a i l s  ( t o e  a n g l e ,  L.E. out ,  of  2O) and boom-mounted h o r i -  
z o n t a l  t a i l s  a t  Oo def l ec t ion .  
The b a s i c  l a t e r a l - d i r e c t i o n a l  p e r f o r m a n c e  d a t a  f o r  a l l  c o n f i g u r a t i o n s  a r e  p r e -  
sen ted  i n  t he  fo l lowing  f igu res :  
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DISCUSSION 
Basic Data 
Forward-thrust  mode.- The l a t e r a l - d i r e c t i o n a l  c h a r a c t e r i s t i c s  of the  three-  
su r face  F-15 conf igura t ion  wi th  the  nozz les  in  the  forward- thrus t  mode a re  presented 
i n  aerodynamic  coef f ic ien t  form,  inc luding  thrus t  cont r ibu t ions  i f  any ,  in  f igures  11 
t o  17. Data a re  shown a t  f3 = Oo i n   f i g u r e s  1 1 ,  13,  16,  and  17, a t  f3 = -5' i n  
f i g u r e s  1 2  and  14,  and a t  f3 = -1 Oo i n  f i g u r e  15. The d a t a  a re  p lo t t ed  ve r sus  ang le  
of a t t a c k  a t  c o n s t a n t  s i d e s l i p  a n g l e  a n d  a t  va r ious  nozz le  p re s su re  r a t io s .  For 
, f3 = Oo a symmetrical model ( l e f t  t o  r i g h t )  w i t h  t h e  l a t e r a l - d i r e c t i o n a l  c o n t r o l  
. sur faces  s e t  a t  Oo should   have   la te ra l -d i rec t iona l   force   and  moments of  zero. How- 
e v e r ,  f o r  t h i s  c o n f i g u r a t i o n  ( f i g s .  l  and 13) , t h e  d a t a  show t h a t  small va lues  were 
measured f o r  e a c h  l a t e r a l - d i r e c t i o n a l  component. Poss ib l e  r easons  fo r  t hese  va lues  
are small d i f f e r e n c e s  i n  model  symmetry or  s l igh t  misa l ignment .  S ince  most  of  the  
conclus ions  of  th i s  s tudy  are based on i n c r e m e n t a l  data  f rom f3 = Oo , it i s  be l ieved  
t h a t  t h e s e  small values w i l l  n o t   a f f e c t   t h e   r e s u l t s .  
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tha t  the  ax isymmetr ic  nozz les  were properly alignecl and of equal thrust .  For the 
forward-thrust 2-D C-D nozzle  configurat ion,  j e t  operation produced similar r e s u l t s ,  
t h a t  is, l i t t l e   o r  no e f f e c t  on t h e  b a s i c  l a t e r a l - d i r e c t i o n a l  c h a r a c t e r i s t i c s  a t  
p = 00 ( f i g .   1 3 ) ,  p = -5O ( f ig .   14) ,   and  p = - IOo ( f i g .   1 5 ) .  
Comparing t h e  d a t a  i n  f i g u r e s  13 t o  15 shows inc reas ing  s ide - fo rce  coe f f i c i en t ,  
more negative  yawing moment (except  a t  M = 0.90 above a = IOo ), and more p o s i t i v e  
r o l l i n g  moment as t h e  s i d e s l i p  a n g l e  becomes  more negative.  This would be expected 
f o r  a l a t e r a l l y  a n d  d i r e c t i o n a l l y  s t a b l e  a i r c r a f t .  
The e f f e c t  of NPR on t h e  l a t e r a l - d i r e c t i o n a l  c h a r a c t e r i s t i c s  of the configura-  
t ion  wi th  2-D C-D nozzles and rudder deflected -1 Oo i s  shown i n  f i g u r e  16. Jet 
operation had only small e f f e c t s  on a l l  parameters ,  as  was previous ly  noted  for  the  
other  configurat ions with 2-D C-D nozzles and undeflected rudders.  Comparing f i g -  
u r e  16 wi th  f igure  13 shows, a s  would be expected,  that  def lect ing the rudder  pro-  
duces more nega t ive  s ide  force  and  a l a r g e  p o s i t i v e  i n c r e a s e  i n  yawinglnoment 
coe f f i c i en t .  
Data for  the  conf igura t ion  wi th  2-D C-D nozz les  and  ver t ica l  t a i l s  removed a r e  
presented i n  f i g u r e  17. The e f f e c t s  of j e t  o p e r a t i o n  a r e  s i m i l a r  t o  t h o s e  a l r e a d y  
n o t e d  f o r  t h e  same c o n f i g u r a t i o n  w i t h  v e r t i c a l  t a i l s  i n s t a l l e d  ( f i g .  1 3 ) .  Note t h a t  
removing t h e  v e r t i c a l  t a i l s  c a u s e s  a change i n  s ign of  t h e  yawing-moment c o e f f i c i e n t .  
(Compare f i g .  17 wi th  f ig .  13. ) This yawing-moment s h i f t  c a n  b e  l a r g e l y  a t t r i b u t e d  
t o  a m i s a l i g n m e n t  o f  t h e  v e r t i c a l  t a i l s  s i n c e  t h e  v e r t i c a l - t a i l s - o f f ,  s i d e - f o r c e  d a t a  
are  nearer  zero.  This  would a l so  exp la in  the  sma l l  l a t e ra l -d i r ec t iona l  fo rce  and  
moments a t  = Oo n o t e d   e a r l i e r .  
Reverse-thrust  mode.- L a t e r a l - d i r e c t i o n a l  c h a r a c t e r i s t i c s  of the configurat ion 
with 2-D C-D nozz les  wi th  par t ia l ly  deployed  thrus t  reversers  ( 6 R m  = 90°) a r e  p r e -  
sented i n  f i g u r e s  18 and 19. J e t  o p e r a t i o n  of t he  pa r t i a l ly  dep loyed  t h r u s t  revers- 
e r s  a t  @ = Oo h a s  l i t t l e  e f f e c t  on the rol l ing-moment  and s ide-force coeff ic ients .  
Yawing-moment c o e f f i c i e n t  shows l i t t l e  e f f e c t  a t  M = 0.60; however, the  yawing- 
moment c o e f f i c i e n t  i s  reduced a t  M = 0.90 and M = 1 .20. A s  s i d e s l i p  a n g l e  i s  
decreased  to  - 5 O ,  t h e r e  i s  a g r e a t e r  e f f e c t  of NPR on  yawing moment. A t  s i d e s l i p  t h e  
inboard surface of t h e  windward v e r t i c a l   t a i l  i s  s h e l t e r e d  from the free-stream flow, 
and the  decrease  i n  yawing moment i s  probably due t o   t h e  impingement of the  reverse  
flow plume on th i s  i nboa rd  su r face  of t h e  v e r t i c a l  t a i l .  S i d e - f o r c e  c o e f f i c i e n t  i s  
unaffected by operat ion of t h e  j e t ,  and t h e r e  i s  a s l i g h t  r e d u c t i o n  i n  r o l l i n g  
moment . 
The e f f e c t  of fu l ly  dep loyed  th rus t  r eve r se r s  (6mv = 130°) on t h e  l a t e r a l -  
d i r e c t i o n a l  c h a r a c t e r i s t i c s  of the  conf igura t ion  wi th  2-D C-D nozzles i s  presented  i n  
f i gu res  20 t o  22. As shown  by f i g u r e  2 0 ,  full deployment increases t h e  e f f e c t  o f  j e t  
operat ion on  yawing moment a t  = 00. (Compare wi th   f ig .  18. ) There i s  a l s o  some 
small e f f e c t  on roll ing-moment and side-force coefficients.  However, as angle of 
s i d e s l i p  is  decreased  to  -So ( f i g .  Z I ) ,  t h e r e  is  no corresponding increase i n  t h e  
e f f e c t  of reverser  opera t ion  on yawing moment a s  was n o t e d  f o r  r e v e r s e r  p a r t i a l l y  
deployed (6mv = goo) .  I n  f a c t ,  t h e r e  is  a decrease i n  t h e  magnitude  of t h e  e f f e c t  
of NPR on  yawing moment a t  8 = - 5 O .  The trend of yawing moment with angle  of  a t tack 
i s  a l so  d i f f e ren t  w i th  th rus t  r eve r se r  fu l ly  dep loyed .  A t  h igher  angles  of  a t tack 
(above 1 2 O  a t  M = 0.60,  and  above 8O a t  M = 0.90), yawing moment increases  with 
inc reas ing  NPR. A t  a s i d e s l i p  a n g l e  of -100 ( f i g .  22)  , the  c rossover  i n  yawing 
moment occurs a t  a = 00. At p = -50, j e t  operat ion  caused a s l i g h t  d e c r e a s e  i n  
s ide - fo rce  coe f f i c i en t  and  a s i g n i f i c a n t  r e d u c t i o n  i n  roll ing-moment coefficient 
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( f ig .  21 ) .  The e f f e c t  i n c r e a s e s  w i t h  d e c r e a s i n g  a n g l e  o f  s i d e s l i p  ( f i g .  2 2 ) ,  p a r t i c -  
u l a r l y  on roll ing-moment coefficient.  These t r e n d s  i n d i c a t e  t h a t  t h e  j e t  plumes from 
the  fu l ly  dep loyed  th rus t  r eve r se r s  (6mv = 1300)  inf luence the ver t ica l  t a i l s  and 
a f t e rbody ,  and  a l so  the  wing. 
The e f f e c t s  o f  d i f f e r e n t i a l  r e v e r s i n g  o n  t h e  l a t e r a l - d i r e c t i o n a l  c h a r a c t e r i s t i c s  
are  p r e s e n t e d  i n  f i g u r e  23. D i f f e r e n t i a l  r e v e r s i n g  w a s  simulated by o p e r a t i n g  t h e  
l e f t -hand  nozz le  in  the  fo rward - th rus t  mode (6mv = O o )  and by o p e r a t i n g  t h e  r i g h t -  
hand  nozz le  wi th  thrus t  reverser  fu l ly  deployed  (fjmV = 130° ). Data are shown a t  
M = 0 i n  f i g u r e  2 3 ( a )  t o  i n d i c a t e  t h e  m a g n i t u d e  o f  t h e  s t a t i c  t h r u s t  c o n t r i b u t i o n  
t o  e a c h  l a t e r a l - d i r e c t i o n a l  component as  a func t ion  of  NPR. S ide- force  coef f ic ien t  
varied from approximately 0, j e t  o f f ,  t o  a maximum of  -0.0016 a t  NPR = 5.0; yawing- 
moment coe f f i c i en t  i nc reased  f rom 0 t o  0.0024 a t  NPR = 6.2.  mlling-moment  coef- 
f i c i e n t  r e m a i n e d  e s s e n t i a l l y  0. A t  s t a t i c  cond i t ions  ( M  = 01, computed c o e f f i c i e n t s  
a re  based on the ambient s t a t i c  p r e s s u r e  s i n c e  t h e  dynamic p res su re  i s  0 a t  M = 0 ;  
f o r  example, 
-~  Total._yawing moment 
'n I M= o PaSb 
The values of j e t  t o t a l  p r e s s u r e  e q u i v a l e n t  t o  t h e  o p e r a t i n g  NPR a t  M = 0.60 and 
M = 0 .90  are  i n d i c a t e d   i n   f i g u r e   2 3 ( a ) .  A t  M = 0.60 ( f i g .   2 3 ( b ) ) ,   d i f f e r e n t i a l  
t h r u s t  r e v e r s i n g  c a u s e s  a n  i n c r e a s e  i n  s i d e  f o r c e  a n d  r o l l i n g  moment and a decrease 
i n  yawing moment.  The t r ends  o f  yawing moment and  s ide  fo rce  a r e  oppos i te  those  
e x p e c t e d  f r o m  t h e  s t a t i c  t h r u s t  c o n t r i b u t i o n s .  In add i t ion ,  no  e f f ec t  on r o l l i n g  
moment would be  expected.  Thus,   the  trends  observed a t  M = 0.60 i n d i c a t e  a n  i n t e r -  
a c t i o n  of t he  d i f f e ren t i a l  r eve r se  f low wi th  the  ex te rna l  ae rodynamics  which more 
t h a n   o f f s e t s   t h e   t h r u s t   c o n t r i b u t i o n .  A t  M = 0.90 ( f i g .   2 3 ( c ) ) ,   d i f f e r e n t i a l  
t h r u s t  r e v e r s i n g  h a s  a l a r g e r   e f f e c t  on yawing moment and a s m a l l e r  e f f e c t  on s i d e  
f o r c e  t h a n  o b s e r v e d  a t  M = 0.60, thus  ind ica t ing  tha t  the  je t -p lume/ f ree-s t ream f low 
i n t e r a c t i o n s  are  very Mach number dependent. 
The l a t e r a l - d i r e c t i o n a l  c h a r a c t e r i s t i c s  o f  t h e  c o n f i g u r a t i o n  w i t h  d e f l e c t e d  
rudders ( 6 ,  = - loo )  and  dep loyed  th rus t  r eve r se r  a r e  shown i n  f i g u r e  24 (hmV = g o o )  
and  f igu re  25 (6mv = 1300) .  Opera t ion  of  the  thrus t  reversers  wi th  def lec ted  rud-  
d e r s  ( f i g s .  24 and 25) produced trends similar t o  t h o s e  d i s c u s s e d  p r e v i o u s l y  f o r  t h e  
same conf igura t ions   wi th  6, = 00 ( f i g s .  18  and 2 0 ) .  Side-force  and  rolling-moment 
c o e f f i c i e n t s  a re  on ly  s l i gh t ly  a f f ec t ed .  The r e d u c t i o n  i n  yawing moment f o r  r e v e r s e r  
pa r t i a l ly  dep loyed  i s  s l i g h t l y  g r e a t e r  t h a n  n o t e d  f o r  u n d e f l e c t e d  r u d d e r  ( M  = 1.20);  
however, a g r e a t e r  r e d u c t i o n  i n  yawing-moment coe f f i c i en t  occu r red  a t  a l l  Mach  num- 
b e r s   w i t h   t h e   r e v e r s e r   o p e r a t i n g   i n  i t s  fu l ly  dep loyed  pos i t i on .  
Figures  26,  27, and 2 8  p re sen t  t he  e f f ec t s  o f  r emov ing  empennage s u r f a c e s  
( v e r t i c a l  t a i l s  on ly ,  ho r i zon ta l  ta i ls  on ly ,  and  bo th  ve r t i ca l  and  ho r i zon ta l  t a i l s )  
f o r  t h e  c o n f i g u r a t i o n  w i t h  t h r u s t  r e v e r s e r s  f u l l y  d e p l o y e d  (hmV = 130° ) . With t h e  
ver t ica l  t a i l s  removed ( f i g .  2 6 ) ,  o p e r a t i o n  of t h e  j e t  has  very little e f f e c t  on t h e  
l a t e r a l - d i r e c t i o n a l   c h a r a c t e r i s t i c s  a t  e i t h e r  M = 0.60 o r  M = 0.90. This w a s  a l s o  
t h e  case f o r  a l l  tai ls  removed ( f ig .  28 ) .  When t h e  h o r i z o n t a l  t a i l s  are removed 
( f i g .  271, t h e  l a t e r a l - d i r e c t i o n a l  c h a r a c t e r i s t i c s  a re  ve ry  similar t o  t h o s e  w i t h  a l l  
t a i l s  i n  p l a c e .  (Compare f ig. 27 wi th  f ig .  20. ) This  would indicate  that  most  of  
t h e   t h r u s t   r e v e r s i n g   e f f e c t s  on t h e   l a t e r a l - d i r e c t i o n a l   c h a r a c t e r i s t i c s  a r e  a s soc i -  
a t e d   w i t h   t h e   r e v e r s e - t h r u s t   j e t - p l u m e   i n t e r a c t i o n   w i t h   t h e   f l o w   f i e l d   a n d   t h a t   t h e r e  
i s  some misalignment i n   t h e   i n s t a l l a t i o n   o f   t h e   v e r t i c a l  ta i ls .  
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Comparison and Summary Data 
Static s t a b i l i t y  d e r i v a t i v e s . -  F i g u r e s  29 and 30 show t h e  e f f e c t  o f  j e t  opera- 
t i o n  on t h e  s ta t ic  s t a b i l i t y  d e r i v a t i v e s  f o r  t h e  c o n f i g u r a t i o n  w i t h  a x i s y m m e t r i c  
nozzles  and with 2-D C-D nozzles .  In  general ,  j e t  ope ra t ion  shows  no e f f e c t  on t h e  
d i h e d r a l   e f f e c t  C . D i r e c t i o n a l   s t a b i l i t y  shows little o r  no e f f e c t  of j e t  
opera t ion  a t  M = 0.60. A t  M = 0.90, t h e r e  i s  a small i n c r e a s e  i n  t h e  d i r e c t i o n a l  
s t a b i l i t y   w i t h  j e t  operat ion.  
( 4 (end 
Figure  31 shows t h e   e f f e c t  of afterbody/nozzle shape on s ta t ic  s t a b i l i t y  d e r i v a -  
t i ves .  D ihedra l  e f f ec t  is  unaf fec ted ,  whi le  the  conf igura t ion  wi th  ax isymmetr ic  noz-  
z l e s  is  more d i r e c t i o n a l l y  s t a b l e  a t  both M = 0 .60  and M = 0.90. 
Figures 32 and 33 show t h e  e f f e c t s  o f  j e t  o p e r a t i o n  o n  t h e  s t a t i c  s t a b i l i t y  
d e r i v a t i v e s  of t h e  2-D C-D conf igura t ions  wi th  thrus t  reversers  deployed .  As would 
be  expec ted ,  je t  opera t ion  had  a l a rge r  e f f ec t  w i th  r eve r se r  dep loyed  than  wi th  
r eve r se r  stowed. The impact of reverser operation i s  p a r t i c u l a r l y  e v i d e n t  on t h e  
d i r e c t i o n a l - s t a b i l i t y   d e r i v a t i v e  C . D i r e c t i o n a l   s t a b i l i t y  is  genera l ly   increased  
by t h r u s t  r e v e r s e r  o p e r a t i o n  a t  low angles  of  a t tack .  A t  h igher  angles  of a t t a c k ,  
j e t  operation produces a s m a l l e r  i n c r e a s e  i n  d i r e c t i o n a l  S t a b i l i t y  t o  t h e   p o i n t   t h a t  
the  je t -on  curve  c rosses  the  je t -of f  curve  and  a d e c r e a s e  i n  d i r e c t i o n a l  s t a b i l i t y  
occurs  ( f  igs .  32(b)  and 33) .  The c rossover  poin t  of t h e  j e t - o n  a n d  j e t - o f f  
d i r e c t i o n a l - s t a b i l i t y  c u r v e s  t e n d s  t o  move t o  a lower angle  of  a t tack with increasing 
Mach number and  inc reas ing  r eve r se r  deployment. I n  f i g u r e  3 2 ( a )  t h e  c u r v e s  do n o t  
c ros s ,  bu t  it is  e x p e c t e d  t h a t  a t  a higher  angle  of  a t tack they probably would. The 
i n c r e a s e   i n   d i r e c t i o n a l   s t a b i l i t y   a t  low angles  of  a t tack  i s  probably due t o  a block- 
age of the free-stream flow by the  reverse  f low plume which causes  an increase i n  
v e r t i c a l - t a i l  s i d e  f o r c e  ( r e f .  2 0 ) .  This i s  p a r t i c u l a r l y  e v i d e n t  ( f i g .  3 2 )  f o r  t h e  
r eve r se r  pa r t i a l ly  dep loyed  (6mv = 9 0 ° )  a s  most of the  reverse  f low i s  contained 
between t h e  v e r t i c a l  t a i l s .  With i n c r e a s i n g  a n g l e  o f  a t t a c k ,  d i r e c t i o n a l  s t a b i l i t y  
( j e t  off  and j e t  on)  decreases  as a s m a l l e r  a r e a  o f  t h e  v e r t i c a l  t a i l  i s  exposed t o  
the free-s t ream f low.  During reverser  operat ion,  there  i s  a l s o  i n c r e a s i n g  impinge- 
ment by t h e  r e v e r s e  f l o w  plume inboard of  the windward v e r t i c a l   t a i l  which causes  an 
even sharper l o s s  i n  s t a b i l i t y .  The Configuration becomes d i r e c t i o n a l l y  u n s t a b l e  
wi th   t he   r eve r se r   fu l ly   dep loyed   a t  M = 0.90 and a > 1 2 O .  
n B  
There is  a s l i g h t  d e c r e a s e  i n  t h e  d i h e d r a l  e f f e c t  w i t h  t h e  o p e r a t i o n  o f  t h e  
th rus t  r eve r se r s  pa r t i a l ly  dep loyed  ( f ig .  32 ) .  The re  is  a  somewhat l a rge r  dec rease  
i n  d i h e d r a l  e f f e c t  w i t h  t h e  t h r u s t  r e v e r s e r s  f u l l y  d e p l o y e d  ( f i g .  3 3 ) .  The r e v e r s e r  
e x h a u s t  e x i t  p o r t s  a r e  l o c a t e d  a s h o r t  d i s t a n c e  a f t  of t h e  wing t r a i l i n g  edge. The 
r e s u l t s  shown i n   f i g u r e s  32 and  33  ind ica t e  in t e r f e rence  e f f ec t s  of t he  r eve r se  f low 
plume on t h e  wing flow f i e l d  c a u s i n g  a l o s s   i n   l i f t  on t h e  windward  wing. As would 
b e  e x p e c t e d ,  t h e  e f f e c t  of j e t  o p e r a t i o n  i n c r e a s e s  w i t h  i n c r e a s i n g  r e v e r s e r  
deployment. 
Figure 34 summarizes t h e  e f f e c t  of t h r u s t  r e v e r s e r  deployment on t h e  l a t e r a l -  
d i r e c t i o n a l  s t a b i l i t y  d e r i v a t i v e s  a t  o p e r a t i n g  NPR. The same e f f ec t s  a l r eady  no ted  
are seen when p a r t i a l l y  a n d  f u l l y  d e p l o y e d  t h r u s t  r e v e r s e r s  a r e  compared wi th  
reverser stowed a t   o p e r a t i n g  NPR. 
Rudder d i r ec t iona l - con t ro l   e f f ec t iveness . -  - A major concern  of   using  in-f l ight  
t h r u s t  r e v e r s e r s  i s  t h e  e f f e c t  of-the reverse  f low on control s u r f a c e s ,  s u c h  a s  t h e  
r u d d e r  o r  v e r t i c a l  t a i l ,  and  ho r i zon ta l  t a i l s .  (See  r e f .  7 .  ) When rudde r s  a re  
de f l ec t ed  on t h e   t w i n   v e r t i c a l   t a i l s ,   o n e  i s  de f l ec t ed  inboa rd  between t h e   v e r t i c a l  
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t a i l s  and one is d e f l e c t e d  o u t b o a r d  o f  t h e  v e r t i c a l  t a i l .  F i g u r e s  35 t o  37 s h w  t h e  
e f f e c t  of j e t  opera t ion  on rudder  cont ro l  power. Jet ope ra t ion  wi th  the  r eve r se r  
s towed caused an increase in  rudder  power a t  M = 0 .60  but  had only small e f f e c t s  
a t  M = 0.90 and 1.20. With th rus t  r eve r se r s  pa r t i a l ly  and  fu l ly  dep loyed ,  j e t  oper- 
a t ion  causes  a dec rease  in  rudde r  power. As might  be expected,  the effect  of  j e t  
o p e r a t i o n  t e n d s  t o  i n c r e a s e  w i t h  i n c r e a s i n g  r e v e r s e r  deployment.  Figure 38 summa- 
r i z e s   t h e   e f f e c t  of t h r u s t  r e v e r s i n g  on rudde r  d i r ec t iona l - con t ro l  e f f ec t iveness  a t  
opera t ing  NPR. S ince  the  r eve r se r  exhaus t  ex i t  po r t s  are located forward of  the 
rudder ,  there  should be no reverser  exhaust  f low impingement  on the rudder .  Any 
e f f e c t  of t h e  t h r u s t  r e v e r s e r  on rudder  cont ro l  e f fec t iveness  probably  resu l t s  f rom 
blockage of the f ree-stream flow by the  reverse  f low plumes. As would be expected, 
t h e  l a r g e s t  l o s s  i n  r u d d e r  e f f e c t i v e n e s s  o c c u r r e d  a t  the  lowes t  Mach number, 0.60 ,  
w i t h  e s s e n t i a l l y  no e f f e c t  a t  M = 1.20. The l o s s  i n  r u d d e r  e f f e c t i v e n e s s  d u e  t o  
thrus t  revers ing ,  though not iceable ,  would p robab ly  no t  g rea t ly  a f f ec t  t he  hand l ing  
q u a l i t i e s  of t h e  F- 15. There is a l s o  no  ind ica t ion  of  the  t o t a l  loss i n  t h e  c o n t r o l -  
su r f ace  e f f ec t iveness ,  as was n o t e d  i n  r e f e r e n c e  7 ,  f o r  a genera l  research  a f te rbody 
model w i t h   t h e   v e r t i c a l  tai ls  loca ted  fo rward  o f  t he  r eve r se r  ex i t  po r t s .  
CONCLUSIONS 
An invest igat ion has  been conducted in  the Langley 16-Foot Transonic Tunnel t o  
de te rmine  the  la te ra l -d i rec t iona l  aerodynamic  charac te r i s t ics  of  a f u l l y  metric 
0.047-scale model of t h e  F-15 th ree-sur face  conf igura t ion  (canards ,  wing, ho r i zon ta l  
tai ls)  with twin two-dimensional (2-D) nozzles and twin axisymmetric nozzles instal-  
led. The e f f e c t s  o f  2-D nozz le  in - f l i gh t  t h rus t  r eve r s ing  and  rudde r  de f l ec t ion  were 
also determined. Test data were obta ined  a t  s t a t i c  c o n d i t i o n s  a n d  a t  Mach numbers 
from 0.60  t o  1.20 over an angle-of-attack range from -2O t o  15O. Angle  of s i d e s l i p  
w a s  s e t   a t  approximately Oo and -5O f o r  a l l  configurat ions and at  approximately - l o o  
f o r  s e l e c t e d  c o n f i g u r a t i o n s .  R e s u l t s  from t h i s  i n v e s t i g a t i o n  i n d i c a t e  t h e  f o l l o w i n g :  
1 .  Dif fe ren t i a l  r eve r s ing  ( l e f t -hand  r eve r se r  s towed ,  r igh t -hand  r eve r se r  fu l ly  
deployed) reduced yawing moment f o r  Mach 0.60, an  oppos i te  e f fec t  f rom tha t  expec ted  
from t h e  s t a t i c  t h r u s t  c o n t r i b u t i o n .  This ind ica t e s  t ha t  t he  e f f ec t  o f  t he  j e t -p lume  
f low in te rac t ing  wi th  the  f ree-s t ream f low on external aerodynamics more t h a n   o f f s e t s  
t h e  t h r u s t  c o n t r i b u t i o n  f o r  e a c h  component. 
2. The configuration with axisymmetric nozzles w a s  s l i g h t l y  more d i r e c t i o n a l l y  
s table  than the configurat ion with two-dimensional  convergent-divergent  nozzles .  
3. D i r e c t i o n a l  s t a b i l i t y  i s  genera l ly  increased  by j e t  o p e r a t i o n  w i t h  t h r u s t  
reverser  deployed a t  low angles  of  a t tack.  The i n c r e a s e  i n  s t a b i l i t y  becomes small  
a t  i nc reas ing  ang le s  of a t t a c k  u n t i l  t h e  j e t - o n  c u r v e  c r o s s e s  t h e  j e t - o f f  c u r v e  a n d  a 
d e c r e a s e  i n  d i r e c t i o n a l  s t a b i l i t y  o c c u r s .  T h i s  c r o s s o v e r  p o i n t  t e n d s  t o  move t o  a 
lower  angle  of  a t tack  wi th  increas ing  Mach number. 
4. Dihedra l  e f fec t  is dec reased  s l igh t ly  by thrust  reverser  deployment .  
5. D i r e c t i o n a l  c o n t r o l  power is  reduced by j e t  o p e r a t i o n  w i t h  t h r u s t  r e v e r s e r s  
deployed, but probably not enough t o  b e   s i g n i f i c a n t   i n   a i r c r a f t   h a n d l i n g   q u a l i t i e s .  
Langley Research Center 
National Aeronautics and Space Administration 
Hampton, VA 23665 
October 18, 1983 
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TABLE 1.- MODEL GEOMETRIC CHARACTERISTICS 
Overal l  mode1 length.  m ........................................................ 0.93 
Wing: 
Span. m ..................................................................... 0.612 
Area. m 0.124 
Root  chord  ( theore t ica l ) .  m .................................................. 0.33 
Tip  chord  ( theore t ica l ) .  m .................................................. 0.082 
Mean geometric chord. m ..................................................... 0.228 
Aspect r a t i o  .................................................................. 3.0 
Taper r a t i o  .................................................................. 0.25 
Sweepback of leading edge. deg ................................................. 45 
A i r f o i l  s e c t i o n  ..................................... NACA 64A-series with modified 
c o n i c a l  camber L.E. 
2 .................................................................... 
Hor izon ta l  t a i l  ( exposed  each  s ide ) :  
Span. m ..................................................................... 0.113 
Area. m 2  .................................................................... 0.012 
Root  chord ( t h e o r e t i c a l ) .  rn ................................................. 0.165 
T i p  c h o r d  ( t h e o r e t i c a l ) .  m .................................................. 0.055 
Sweepback of l ead ing  edge.  deg ................................................. 50 
A i r f o i l  s e c t i o n  .................................................... NACA 64-ser ies  
V e r t i c a l  t a i l  (exposed each panel) : 
Span. m ..................................................................... 0.146 
Area. m2 .................................................................... 0.013 
Root  chord. m ............................................................... 0.137 
Tip  chord. m ................................................................ 0.037 
Sweepback of leading edge. deg .............................................. 36.57 
Toe-out angle  (base l ine  only) .  deg  .............................................. 2 
Air fo i l  Sec t ion  .................................................... NACA 64-ser ies  
Canard (exposed each panel):  
Span. m ..................................................................... 0.088 
Area. m2 .................................................................... 0.006 
Root  chord. m ............................................................... 0.113 
Tip chord. m ................................................................ 0.028 
Sweepback of l ead ing  edge. deg ................................................. 50 
A i r f o i l   s e c t i o n  .................................................... NACA 64-ser ies  
Dihedral  angle.  deg ............................................................ 20 
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680-2042 
Figure 1.- Photograph showing s t ing - s t ru t  arrangement of 0.047-scale F-15 propulsion mode1 
i n s t a l l e d   i n  Langley 16-Foot Transonic Tunnel. 







nozzles (typical 8 places - 3 shown) 
@ Metric hardware 
Two  opposed  flexible  bellows 
bridging metric to nonmetric 
hardware 
Figure 2.-  Sketch showing high-pressure a ir  transfer  methods of 
propulsion system. 
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center 
Figure 3.-  Sketch of 0.047-scale  three-surface F-15 model. Al dimensions  are 
in centimeters  unless  otherwise noted.  
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Figure 4.- Photograph of baseline three-surface F-15 model with axisymmetric dry-power nozzles. 
F. S. 88.900 F. S. 97.718 (exit) 








A , *  - 
I 
19.180 
F. S. 93.972 
F. S. 95.258 (throat) 
Figure 5.-  Sketch of axisymmetric nozzle.  Al dimensions are in centimeters unless otherwise noted. 
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t- I
Nozzle outl ine 
\See table for contour 
F. S. 93.259 
Figure  6.- Sketch of axisymmetr ic  external  nozzle  shroud.  All dimensions are  i n  c e n t i m e t e r s .  
6 8 0 - 2 0 3 8  
Figure 7.- Photograph of model with two-dimensional convergent-divergent (2-D C-D) s t ra ight-s idewall  
dry-power nozz les  ins ta l led .  
---PLAN VIEW 
F. S. 91.592 
22. 11° 
W. L. 13.879 A /A = 1.15 e t  
SIDE VIEW 
(a)  Dry-power 2-D C-D nozz le  f laps .  
Figure 8 . -  Sketches of dry-power 2-D C-D n o z z l e  f l a p s  and s idewal l s .  All 
dimensions are in centimeters  unless  otherwise noted.  
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(a) Ful ly   deployed   reverser  ( 1 30° 1. 
Figure  10.- Side-view sketches of 2-D  C-D nozz le  th rus t - r eve r se r  
f l a p s .  All dimensions are in  cen t ime te r s  un le s s  o the rwise  no ted .  
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(b) Par t i a l ly   dep loyed  
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Figure IO. - Concluded. 
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Figure 11.- m t e r a l - d i r e c t i o n a l  c h a r a c t e r i s t i c s  of configurat ion with axisymmetric nozzles, $ = oo , 
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Figure 12.- Lateral-directional  characteristics  of  configuration  with  axisymmetric  nozzles, fj = -50, 
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Figure 15.- La tera l -d i rec t iona l  charac te r i s t ics  of configuration with 2-D C-D nozzles, fj = - I O o ,  
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Figure 20.- Conc lude d. 
,010 -. 005 0 .005 
NPR 
0 1.00 
20 --- - _"__ 1
Figure 21.- 




( a )  M = 0.60. 
character is t ics  of configuration 
0 .005 .010 .015 .020 
w i t h  reversers 
c Z  








0 . 0 5  . 10  -. 015 -. 010 -. 005 
C n 
0 
(b) M = 0.90. 
Figure 21. - Concluded. 
0 .005 . 010 .015 .020 
NPR 
. ,  . . . , _  . I  . , .  . .  I ........ . 
".", ~. 
- .  " 
.... * . . .  ._I. . . . . .  ., . . . . .  
. . . . I  .. 
""I 
, .  
. . . . . . . . . . . . .  * _ .  . . . . . . .  .~ .,.. . . . . . . . . . . . . . .  
........ . . . . . . . . .  " _ "  ~ 
. . . . . . . . . . . . . . . . . .  
~ _ . "  . . . . . . . . . . . .  - , . .  * * . .  . . . . . . .  ~ _ " +  . . . . . . . . .  ~~ . . "  ~ "".". . . .  
+ , * . ~  . . . . . . . . . .  , . . .  , . * .  . . . .  
L l ; f j : - l T i i  , . ,  , . + , + ~  . : . 4  . - * *  . . . . . . . .  -i..L.U1L.8 , 1  , , , I -  1 
-.020 -.015 -.010 -.005 0 
c "  
(a)  M = 0.60. 
.010 
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Figure 23.- Late ra l -d i r ec t iona l  cha rac t e r i s t i c s  o f  conf igu ra t ion  wi th  d i f f e ren t i a l  r eve r s ing  
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Figure 24.- Iateral-directional characteristics of  configuration with reversers partially deployed 
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Figure 26.- Lateral-directional characterist ics of configuration with reversers fully deployed 
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Figure 27.- Continued. 
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Figure 27.- Conc lude d . 
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Figure 28.- La tera l -d i rec t iona l  charac te r i s t ics  of configurat ion with reversers  ful ly  deployed 
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Figure 29.- Static  stability  derivatives of 
baseline configuration  with axisymmetric 
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Figure 3 1. - Effec t  of axisymmetric and 2-D C-D 
afterbody/nozzle shapes on s t a t i c   s t a b i l i t y  
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Figure 32.- S t a t i c  s t a b i l i t y  d e r i v a t i v e s  of 
configurat ion with 2-D  C-D nozzles ,  
reversers   par t ia l ly   deployed  ( 6  = 900 ) , 















-5 0 5  10  15 20 
a, de9 
(b) M = 0.90. 






















0 20 -5 5 10 15 
a. deg 
(a) M = 0.60. 
Figure 33.-  S t a t i c  s t a b i l i t y  d e r i v a t i v e s  of 
configurat ion with 2-D C-D nozzles ,  
reversers   ful ly   deployed ( 6  = 130°) 
and 6, = O o .  
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Figure 34.- Effect of thrust reversers on s t a t i c  
s t a b i l i t y  der ivat ives  of configuration w i t h  
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Figure 35.- Rudder power fo r  conf igu ra t ion  wi th  


























Figure  36.-  Rudder power f o r  c o n f i g u r a t i o n  w i t h  2 - ~  C-D 
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Figure 38.- Effect of th rus t  reversers  on d i rec t iona l  
control  of configuration with 2-D C-D nozzles, and 
p = 00. 
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